Background: Several popular screening tests, such as mammography and prostate-specific antigen, have met with wide controversy and/or have lost their endorsement recently. We systematically evaluated evidence from randomized controlled trials (RCTs) as to whether screening decreases mortality from diseases where death is a common outcome. Methods: We searched three sources: United States Preventive Services Task Force (USPSTF), Cochrane Database of Systematic Reviews, and PubMed. We extracted recommendation status, category of evidence and RCT availability on mortality for screening tests for diseases on asymptomatic adults (excluding pregnant women and children) from USPSTF. We identified meta-analyses and individual RCTs on screening and mortality from Cochrane and PubMed. Results: We selected 19 diseases (39 tests) out of 50 diseases/disorders for which USPSTF provides screening evaluation. Screening is recommended for 6 diseases (12 tests) out of the 19. We assessed 9 non-overlapping meta-analyses and 48 individual trials for these 19 diseases. Among the results of the meta-analyses, reductions where the 95% confidence intervals (CIs) excluded the null occurred for four disease-specific mortality estimates (ultrasound for abdominal aortic aneurysm in men; mammography for breast cancer; fecal occult blood test and flexible sigmoidoscopy for colorectal cancer) and for none of the all-cause mortality estimates. Among individual RCTs, reductions in disease-specific and all-cause mortality where the 95% CIs excluded the null occurred in 30% and 11% of the estimates, respectively. Conclusions: Among currently available screening tests for diseases where death is a common outcome, reductions in disease-specific mortality are uncommon and reductions in all-cause mortality are very rare or non-existent.
Introduction
Screening for disease is a key component of modern health care. The rationale is simple and attractive-to detect diseases early in asymptomatic individuals and to treat them in order to reduce morbidity, mortality and the associated costs. However, the role of screening often comes into question. Some high-profile controversies have appeared lately in this regard. For example, for breast cancer, the United States Preventive Services Task Force (USPSTF) currently recommends against routine mammographic screening for women aged 40-49 years after retracting its previous recommendation in favour of mammography, as the data failed to show that benefit outweighed harm. 1 The decision against screening drew sharp criticism from various interest groups including patients who overestimate the benefit of screening. 2 Similarly, USPSTF now recommends against screening for prostate cancer in healthy men because harms from prostate specific antigen (PSA) screening exceed the benefit, trials do not show improvement in long-term survival 3 and screening carries a high risk of over-diagnosis with adverse consequences. Again, heated debates have been generated around this change of recommendation, both in the scientific and the popular press. Some screening tests were entrenched in clinical and public health practice before randomized controlled trials (RCTs) became widely used. As the screening agenda encompasses a large number of tests, and new ones are continuously proposed, it is useful to reassess the evidence supporting their use. Our research question is whether recommended screening tests, among asymptomatic adults, have evidence from RCTs on mortality for diseases where death is a common outcome. In particular, is there evidence of mortality reduction, either disease-specific or all-cause, from screening? To this end, we have compiled and examined systematically the evidence from individual RCTs and meta-analyses thereof for screening tests that have been proposed for detecting major diseases in adults who have no symptoms.
Methods

Eligibility criteria
We assessed the diseases/disorders in adults, which USPSTF grouped in different clinical categories and made screening recommendations. We focused on the 'Cancer' and 'Heart and vascular diseases' categories, as well as type 2 diabetes mellitus and chronic obstructive pulmonary disease, because mortality is a common outcome for these diseases. We did not include diseases/disorders where mortality is not a common outcome, and that included the following clinical categories: infectious diseases; mental health conditions and substance abuse; metabolic, nutritional and endocrine disorders (except type 2 diabetes); musculoskeletal disorders; injury and violence; vision and hearing disorders; obstetric and gynaecological conditions; and miscellaneous (except chronic obstructive pulmonary diseases).
For the included diseases, we compiled a list of screening tests and assessed which of them are recommended by USPSTF, and whether they have randomized evidence on mortality outcomes. We defined screening as using a specific test on an otherwise asymptomatic, non-diseased population in order to detect a certain disease. We only considered evidence that compared mortality between screening and no-screening control groups. We did not consider screening/testing in already diseased individuals (e.g. patients who have diabetes mellitus or already have some cancer diagnosis).
Search strategies and documentation of evidence
We compiled information from USPSTF, Cochrane Database of Systematic Reviews and PubMed. We documented current recommendations and the corresponding level of evidence from USPSTF. We gathered meta-analytic evidence on screening from Cochrane and PubMed. In addition, we collected from PubMed information about individual RCTs on screening which had not been included in a published meta-analysis.
In the USPSTF website, we reviewed the documentation of RCT evidence for screening for each disease in adults (last update: January 2014).
We searched the Cochrane Database of Systematic Reviews using the search term 'screening' in title, abstract or keywords. We documented all systematic reviews on screening tests that had at least one eligible RCT or metaanalysis of several RCTs with mortality outcomes (last update: January 2014).
We searched PubMed using the search terms 'screen' or 'screening' or 'testing' in the title and 'death' or 'mortality' or 'survival' in title, abstract or keywords. We ran two searches for articles published in English; one was limited to RCTs and the other to meta-analyses (using 'type of publication' limit) (last update: January 2014).
Study selection: meta-analyses and individual trials
We screened, identified and organized the eligible metaanalyses by disease and the associated screening test (Cochrane, PubMed). When several meta-analyses were eligible on the same disease and screening test, we selected the most comprehensive ones (more trials, more long-term follow-up in included trials).
We screened and identified the eligible individual trials (PubMed). We organized the list first by screening test, then by trial name and then by year of publication. If there were more than one citation per trial, we selected the most recent publication. Simultaneously, we compiled a list of trials that were in the selected meta-analyses. We cross-checked the individual trials in PubMed with those in the selected metaanalyses to determine how many trials were in common. Finally, we compiled a list of individual trials-including those that were in common and those that were unique to either PubMed or a meta-analysis. Finally, if no meta-analysis was available, but multiple individual trials existed for a given screening test, we performed the meta-analysis ourselves using inverse variance synthesis with fixed effects.
Data extraction
From USPSTF, we documented the following for each disease: screening tests, recommendation statement, category of evidence, presence or absence of RCT evidence, and the specific population for whom the recommendation is applicable.
For each included meta-analysis of RCTs (Cochrane or PubMed) and single RCT (PubMed), we extracted the following: disease; screening intervention assessed; number of RCTs analysed; use of stratified analysis (yes, no) and, if so, types of strata; number of disease-specific deaths/total sample and disease-specific mortality risk estimates; and number of total deaths/total sample and all-cause mortality risk estimates. Data were extracted by two co-authors and any disagreement was resolved with discussion with the senior (third) author.
Presentation of mortality outcomes
Disease-specific mortality was defined as death attributed to the disease in question and all-cause mortality was defined as death from any cause; in both instances, the denominator was the total sample per randomized group and not those who were detected as diseased. We presented the treatment effect (risk estimates with 95% confidence interval) as they were reported in the original RCTs or meta-analyses.
Results
Evaluated screening tests in USPSTF
USPSTF provides evaluation of screening for 19 diseases where mortality is a common outcome (cancer n ¼ 12, heart and vascular diseases n ¼ 5, type 2 diabetes, chronic obstructive pulmonary disease) (Supplementary Table 1 , available as Supplementary data at IJE online).
Overall, 39 different screening tests are addressed for these 19 diseases. Screening is recommended for 6 of the 19 diseases (for a total of 12 recommended tests out of 14 available tests for these 6 diseases). Randomized evidence with a mortality outcome is cited for only 5 diseases (breast, cervical and colorectal cancer, abdominal aortic aneurysm and type 2 diabetes) for 11 recommended tests among 13 assessed by USPSTF (Figure 1 ).
Randomized trials with data on mortality are not available for one disease (hypertension) where screening is recommended (one out of one test is recommended). Further, BRCA-gene mutation screening for breast cancer 4 Evaluated meta-analyses on screening tests in Cochrane and PubMed
The search produced 595 items in Cochrane and 125 items in PubMed; of those, 59 and 85, respectively, were assessed in full text. In Cochrane and PubMed, 12 and 44 metaanalyses, respectively, met the eligibility criteria; these included 8 Cochrane reviews that had also been presented as journal articles, thus there were 48 different eligible meta-analyses. These 48 meta-analyses were clustered by test and disease to identify the latest, non-overlapping metaanalysis on each topic. Eventually, eight meta-analyses were selected covering eight screening tests for six diseases; 3, 5, 6, [8] [9] [10] [11] [12] additionally we performed ourselves a metaanalysis of the trials' data on screening with computer tomography (CT) for lung cancer, as there were several individual trials but no published meta-analyses ( Figure 2 ).
Evaluated individual trials on screening tests in PubMed
The search produced 590 items; 83 records were evaluated further and 40 trials met the inclusion criteria. Of the 40, 28 trials had been included in at least one of the eight eligible meta-analyses mentioned above. The other 12 trials 7,41-51 found in PubMed included mostly (n ¼ 9) trials on topics for which there were no eligible previous metaanalyses; three trials 42, 44, 45 were excluded from the respective meta-analysis because the follow-up time was less than 5 years. Another eight trials [52] [53] [54] [55] [56] [57] [58] [59] that had been included in the eight eligible meta-analyses were not captured by the PubMed search for trials; these were not picked by our PubMed search because one was in Russian language, two were not tagged as randomized controlled trials by PubMed and five did not have the search terms in their titles. Therefore, a total of 48 eligible RCTs were considered ( Figure 3 ).
Meta-analytic and individual trial evidence by disease
Abdominal aortic aneurysm. Eight meta-analyses were found; we used the meta-analysis by Takagi et al. 12 that had included four trials (Chichester, 16 MASS, 60 Viborg.
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Western Australia
35
) with the longest follow-up (10 years).
Screened metaanalyses in Cochrane
Library: 595 Figure 2 . Flow diagram of meta-analytic search results from Cochrane Library and PubMed. RCT, randomized controlled trial; BSE, breast self-examination; BC, breast cancer; FOBT, fecal occult blood test; CRC, colorectal cancer; PSA, prostate-specific antigen; PC, prostate cancer; LC, lung cancer; US, ultrasound; AAA, abdominal aortic aneurysm; OC, ovarian cancer; FS, flexible sigmoidoscopy. *Meta-analytic evidence: we conducted the meta-analyses for screening with computerized tomography (CT) scan using data from DANTE, DLCST and MILD trial (see Table 2 ).
In addition, MASS 18 has published extended follow-up data (13 years) after the Takagi meta-analysis. The reason for excluding six meta-analyses was shorter followup. [61] [62] [63] [64] [65] [66] The final one was excluded because it evaluated a 30-day mortality following elective surgery for aortic aneurysm. 67 Breast cancer. Twelve meta-analyses of screening with mammography were found; Gotzsche et al. 5 had reviewed all eight trials (Canada 1980a,b, 17, 68 Edinburgh, 14 Goteborg, 15 Malmo, 19 New York, 26 Stockholm, 20 Twocounty 27 and UK age trial 24 ) and reported the longest follow-up time (13 years). The other meta-analyses were excluded because they were earlier publications, 69 ) with the longest followup (11.7 to 18 years); the other three were excluded for including fewer trials 85 or shorter follow-up time. 86, 87 After the Hewitson meta-analysis was published, the Minnesota study has published a 30-year follow-up. 49 Two meta-analyses 9,88 of screening with flexible sigmoidoscopy (single, multiple or in combination with FOBT) were also found; both included five trials: Telemark Polyp Study, 54 NCCPS, 31 UK trial, 29 SCORE, 40 and PLCO. 38 One meta-analysis was excluded because it did not provide all-cause mortality estimates. 88 Hepatocellular cancer. Two reviews of screening with alpha-fetoprotein plus ultrasound were found; Wun et al. ); neither review gave metaanalytical evidence. The Toronto and Taiwan trials evaluated comparative screening and therefore were not included in our evaluation of individual trials. The two reports from the Shanghai trial had discrepant results; the earlier report 91 We conducted the meta-analyses for screening with CT scan using data from DANTE, DLCST, and MILD trial (see Table 2 ). The estimate for all-cause mortality in the Western Australia study is based on the ratio of the age standardized mortality data provided in Table 5 of Norman et al.
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Although Lindholt et al.
62
show a decrease in all-cause mortality with longer follow-up (odds ratio ¼ 0.91 (0.88, 0.95), this seems to be an artefact of age imbalance in the two arms; and Takagi et al.
12
show no difference between groups in the 65 to 74 age stratum, which is well age-balanced (hazard ratio ¼ 0. One additional single trial (Qidong, China 41 ) of screening with only alpha-fetoprotein was also found.
Lung cancer. Three meta-analyses of screening with chest X-ray were found; Manser et al. 10 presented seven trials of screening with chest X-ray (Czech,   22 Erfurt County, 94 Kaiser, 53 Mayo lung, 57 North London, 52 Johns Hopkins 56 and Memorial SloanKettering 34 ) and has been selected for analysis. However, the Erfurt County study was excluded from the individual trial evidence (Table 2 ) because of its non-randomized design. The other two meta-analyses on chest X-ray were excluded because they were earlier publications and contained non-randomized data. 95, 96 Data from PLCO 36 (chest X-ray) was not included in any of the meta-analyses but we presented its estimates in the individual trial evidence. There were four trials (DLCST, 45 MILD, 44 DANTE 42 and NLST
97
) on computer tomography (CT) scan, but no available metaanalyses. We excluded NLST as it evaluated comparative screening (CT scan vs chest X-ray). We recorded the estimates from the other three trials and conducted our own meta-analysis.
Oral cancer. One review 98 of screening with visual examination was found. It contained only one trial from Kerala, India. 48, 99 The estimate with longer follow-up data from that trial was presented in the individual trial evidence. 48 Ovarian cancer. One meta-analysis on screening with CA-125 was found; 11 ); we used the estimates from the most recent publication. 3 The other two were not used because they included site-specific data (e.g. French ERSPC and Gothenburg are part of original ERSPC) or used non-randomized data. 106, 107 Of the individual trials, we also included updated estimates for Norrkoping 37 and PLCO. 28 Cardiovascular disease. One individual trial of screening with echocardiography was found.
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Type 2 diabetes mellitus. One individual trial of screening with fasting blood glucose and haemoglobin A1c (HbA1c) was found. 50 Synopsis of RCT evidence (meta-analytic and individual) for mortality Meta-analytic evidence As shown in Table 1 , meta-analyses of randomized trials were available for nine screening tests on six diseases. The 95% CIs excluded the null in 4 out of 11 available estimates (36%) of disease-specific mortality, but in none out of 10 available estimates for all-cause mortality. Diseasespecific mortality was reduced with ultrasound for abdominal aortic aneurysm in men; 12 mammography for breast cancer; 5 and fecal occult blood test 8 and flexible sigmoidoscopy 9 for colorectal cancer. The range of relative risk reduction in these four cases was between 16% and 45%. Relative risk estimates for all-cause mortality were all very close to 1.00 (range 0.98-1.03).
Individual trial evidence
As shown in Table 2 , we compiled evidence from 48 randomized trials on 19 screening tests for 11 diseases. The 95% CIs excluded the null in 16 out of 54 reported estimates (30%) (some trials reported more than one estimate, e.g. in different subgroups) for disease-specific mortality and for 4 out of 36 reported estimates (11%) for all-cause mortality. The range of relative risk reduction in the 16 cases with improved disease-specific mortality was between 13% and 73% (median 29%) and in the four cases of improved all-cause mortality it was between 3% and 13% (median 10%). Disease-specific mortality was reduced with ultrasound for abdominal aortic aneurysm in the Viborg, 13 with visual examination for cervical cancer in Tamil Nadu. 46 Mammography and ultrasound for aortic aneurysm had no all-cause mortality benefits in the respective meta-analyses including all the relevant trials. Visual examination for cervical cancer had also been assessed in another trial that did not report results on all-cause mortality. 47 
Discussion
Our comprehensive overview shows that there are currently at least 48 RCTs and 9 non-overlapping metaanalyses that have evaluated the impact of any screening test vs no screening on mortality in asymptomatic adults for diseases where mortality is a common outcome. Documented reductions in disease-specific mortality in randomized trials of screening are uncommon. Reduction in all-cause mortality is even more uncommon in single trials and has not been documented in the latest available meta-analysis of multiple trials for any of the examined topics. This overview offers to researchers, policy makers and healthcare providers a synthesis of RCT evidence on the potential benefits of screening on mortality, and is timely in the wake of recent controversies around breast and prostate cancer screening.
Of the handful of trials that have reported survival benefits from screening, it is likely that in a few of them the benefit is substantially overestimated. For example, visual inspection of the cervix with acetic acid (cervical cancer screening) offered a 13% estimated relative risk reduction for all-cause death in one trial 46 conducted in rural India.
Women in the screened group received other interventions apart from screening, such as correction of anaemia and measurement of blood pressure. Hence this large difference in total mortality, if true, was likely the result of multiple interventions and not the screening alone (cervical cancer does not account for 13% of all deaths even in rural India). Similarly, a mortality reduction shown in the Shanghai trial for screening in hepatocellular cancer 51 is in question. The earlier paper 91 from that trial did not report a risk estimate but only reported percent survival; a subsequent Cochrane review 89 used the survival data to calculate a risk estimate with 95% CIs that did not exclude the null. In the same way, the original publication 35 from the Western Australia study for screening in abdominal aortic aneurysm did not report a relative risk estimate for allcause mortality; a subsequent meta-analysis 62 calculated a mortality reduction with 95% CIs that excluded the null, but this did not take into account the substantial age imbalance that existed between the study groups; and another more recent meta-analysis 12 that realized this caveat had 95% CIs that did not exclude the null. There are many potential underlying reasons for the overall poor performance of screening in reducing mortality: the screening test may lack sufficient sensitivity and specificity to capture the disease early in its process; there are no markedly effective treatment options for the disease; treatments are available but the risk-benefit ratio of the whole screening and treatment process is unfavourable; or competing causes of death do not allow us to see a net benefit. Often, these reasons may coexist. Whether screening saves lives can only be reliably proven with RCTs. 108 However, even for newly proposed tests, we suspect that their adoption in practice may evade RCT testing. A very large number of tests continuously become available due to technological advancement. 109 One may be tempted to claim a survival benefit of screening based on observational cohorts showing improved survival rates, 110 but these are prone to lead-time and other types of bias. Even RCTs can be biased sometimes, as has been discussed and hotly debated in the controversy over mammography. 71 Some limitations should be acknowledged in our overview. First, we synthesized randomized evidence, but did not include data from other research designs, such as cohort and case-control studies. However, as we stated above, non-randomized studies have serious limitations. Non-randomized studies may provide useful suggestions and insights, but typically these would be less definitive, unless the effect is very robust and large, and most screening tests do not seem to have large effects on mortality. Second, one should acknowledge that given the many competing causes of death, it is very difficult to document reductions in all-cause mortality, unless the disease of interest is a leading cause of death and extremely large RCTs are performed. This is the reason why we also addressed comprehensively all the available data on disease-specific mortality. Third, we used broad search terms in PubMed and in Cochrane to maximize the capture of relevant trials and meta-analyses. It is possible that a few trials may have been missed, but it is unlikely that we have missed major trials that had found mortality benefits. As a quality check, we also matched our search results with the USPSTF documents. We found that we had not missed any trials that USPSTF has cited, whereas we have detected several additional recent trials that USPSTF did not cite (not unexpected since the USPSTF updates the evidence periodically). Finally, we did not include evidence on the effectiveness of one screening test against another (i.e. comparative screening). Nevertheless, it is difficult to interpret a trial that shows that a screening test is better than an older comparator, when it is unknown whether the older comparator does more good than harm.
To avoid uncertainty and a continuing conundrum in the world of screening for disease, we need to choose the appropriate study design and outcome, depending on the disease, to evaluate the effectiveness of screening tests. We argue that for diseases where short-and medium-term mortality are a relatively common outcomes, RCT should be the default evaluation tool and disease-specific and all-cause mortality should be routinely considered as main outcomes. Our overview suggests that even then, all-cause mortality may hardly ever be improved. One may argue that a reduction in disease-specific mortality may sometimes be beneficial even in the absence of a reduction in all-cause mortality. Such an inference would have to consider the relative perception of different types of death by patients (e.g. death by cancer vs death by other cause), and it may entail also some subjectivity. For diseases where mortality outcomes are potentially important but only in the very long term, one has to consider whether the use of other, intermediate outcomes and/or other quasi-experimental designs that may be performed relatively quickly with very large sample sizes (e.g. before and after the introduction of a test) are meaningful alternatives to very long-term RCTs or may add more bias and confusion in a field that has already seen many hot debates. Screening may still be highly effective (and thus justifiable) for a variety of other clinical outcomes, besides mortality. However, our overview suggests that expectations of major benefits in mortality from screening need to be cautiously tempered.
